We present an AlGaN/GaN metal-insulator-semiconductor high electron mobility transistor (MIS-HEMT) with an NbAlO high-k dielectric deposited by atomic layer deposition (ALD). Surface morphology of samples are observed by atomic force microscopy (AFM), indicating that the ALD NbAlO has an excellent-property surface. Moreover, the sharp transition from depletion to accumulation in capacitance-voltage (C-V )curse of MIS-HEMT demonstrates the high quality bulk and interface properties of NbAlO on AlGaN. The fabricated MIS-HEMT with a gate length of 0.5 µm exhibits a maximum drain current of 960 mA/mm, and the reverse gate leakage current is almost 3 orders of magnitude lower than that of reference HEMT. Based on the improved direct-current operation, the NbAlO can be considered to be a potential gate oxide comparable to other dielectric insulators.
Introduction
Wide bandgap AlGaN/GaN high-electron mobility transistors (HEMTs) are emerging as excellent candidates for radio-frequency (RF) and microwave power amplifiers because of their high-power-handling capabilities. The recent progress in the development of AlGaN/GaN high electron mobility transistors (HEMTs) for high-frequency and high-power applications has been very rapid. [1, 2] However, it has been observed that the Schottky gate of HEMT tends to degrade with gate leakage current increasing, especially when the HEMT operates in the high power condition. Therefore, different gate insulation layers have been used as one of the possible solutions to deal with the gate leakage problems by increasing the energy barrier. On the other hand, some dielectrics dielectric materials that can be used as passivating layers, may significantly reduce the degree of current collapse by preventing strain in the GaN barrier from being induced by the applied gate bias. [3] In the previous studies, SiO 2 , [4] [5, 9] Although the permittivity of Al 2 O 3 is 8.9, it is still a lower value for gate dielectric The use of of high-k dielectric could conduce to solving many problems, because larger dielectric constant could translate to more efficient gate modulation, therefore, some high-k dielectrics dielectric materials such as HfO 2 (k ∼ 45 − 150) are being used as gate dielectric in order to eliminate these drawbacks. [8] However, HfO 2 hardly has the good interface with the AlGaN layer, furthermore, the crystal temperature of HfO 2 is only 375
• , and these defects restrict the application of some binary dielectric materials to GaN. In this paper, we present AlGaN/GaN MISHEMTs with NbAlO dielectric for the gate insulation and surface passivation NbAlO can be prepared in such a way that Nb is mixed into Al 2 O 3 . The adulteration of Nb can improve the permittivity obviously and the NbAlO has a good temperature characteristic. We show that the reverse gate leakage current is reduced substantially, and the maximum saturation current is enhanced apparently, moreover, we observe an increase in GVS, which is defined as a 10% drop of g M.MAX.
Experiment
The AlGaN/GaN material structure used in this study was composed of a 40 nm LT-GaN nuclear layer, a 2380nm unintentionally doped GaN layer, a 1.5-nm AlN insert layer, and a 22-nm Al 0.3 Ga 0.7 N barrier layer on a 2-inch c-plane sapphire substrate. The room-temperature Hall mobility and the sheet carrier concentration were 1544 cm 2 /(V·s) and 1.2×10
respectively. Detailed surface morphologies of samples were characterized by the atomic force microscopy(AFM)with using an Agilent 5500 scanning probe system.
For the MIS structure, an additional 2.6-nm Al 2 O 3 /9.6-nm NbAlO laminated layer was then sequentially deposited on half of the sample by atomic layer deposition (ALD). Figure 1 shows the surface morphologies of samples before and after ALD dielectric layer separately. From the surface of the AlGaN sample can be found a lot of defects and pits, which can act as leakage paths as shown in Fig. 1(a) . In contrast, after ALD dielectric layer few defects and pits are observed, the surface of NbAlO is more smooth, and the root mean square (rms)of NbAlO is much smaller than that of AlGaN, all of these show that ALD NbAlO has an excellent-property surface. In order to form Ohmic contact, the high-k dielectric layer above the Ohmic contact area was removed by reactive ion etch (RIE) etching. The Ti/Al/Ni/Au multilayer metal was deposited by e-beam evaporation and patterned as Ohmic contacts on the exposed AlGaN barrier. The mesa isolation process with BCl 3 plasma RIE was used for device isolation. Using Ni/Au for the gate electrode fabrication, two kinds of devices were fabricated on the same wafer. The gate length and the gate width on the fabricated device are 0.5 and 100 µm, respectively. The device dc electrical characteristics were measured at room temperature by using an Angilent 1500 semiconductor parameter analyzer. 
Results and discussion
where C MOS and C MS are the capacitances of MIS-HEMT and the HEMT, ε OX = 15 is the average permittivity of dielectric. Using the data of Fig. 2 , the dielectric layer d OX was estimated to be 15nm, this value is larger than the design value of 12.2 nm, that is probably due to the doping concentration of Nb lower than design value in the progress of ALD NbAlO, which leadd to a lower value of ε OX .
Fig. 2. Measured C-V characteristics of MIS-HEMT and HEMT.
Figures 3 and 4 show the dc I-V curves of HEMT and MIS-HEMT at room temperature The gate voltage varies from −10 V to +2 V for the MIS-HEMT. The maximum drain current density of MIS-HEMT measured at gate bias of +2 V is approximately 960 mA/mm, and this value is higher than 800 mA/mm for the HEMT. A similar result is observed by Stoklas et al., they fabricated AlGaN/GaN MIS-HEMT by using thin Al 2 O 3 dielectric. [10] This result can be attributed to the increase in sheet carrier concentration in the channel with Al 2 O 3 /NbAlO dielectric. An effective passivation of traps at the AlGaN surface, which reduces the surface-related depletion of the channel layer and increases the sheet electron density in the 2D channel, can be obtained by using Al 2 O 3 layers.
[11] The typical threshold voltages for MIS-HEMT and HEMT are 78 V and −3.6 V, respectively. The increase of pinch-off voltage of MIS-HEMT is due to the larger separation of 2DEG from metal by NbAlO dielectric. Figures 5 and 6 , respectively, show the comparisons of the transfer and the transconductance characteristic between AlGaN/GaN MIS-HEMT and HEMT fabricated on the same wafer, and the drain-to-source voltage is 10 V. From Fig. 5 , we can find the drain current densities of MIS-HEMT and HEMT to be 979 and 768 mA/mm with the same gate bias of +2 V, respectively. The output current increases 27% for the MIS-HEMT compared with that for the HEMT. The increase of output current reveals that the NbAlO high-k dielectric effectively can passivate the surface of AlGaN and reduce the surface states due to the high quality of ALD NbAlO. The combination of higher breakdown voltage and higher drain current indicates the superiority of MIS-HEMT for high-performance power amplifier applications. The maximum values of transconductance (g MMAX ) for MIS-HMET and conventional HEMT are 140 and 186 mS/mm respectively. Although we used NbAlO high-k dielectric as the gate insulator, a drop of 24% in the transconductance value of MIS-HMET compared with that of HEMT can be found to be same for all cases, and the reduction is expected from the larger source resistance due to large transfer resistance with the increase of separation of the 2DEG from the Schottky gate metal. [12] However a reduction of 46mS/mm is a lower value than that of 12 nm SiO 2 MOS-HEMT, which was fabricated by Kordos et al. [4] and the reduction of transconductance is 65 mS/mm, this improvement profits from the using of high-k dielectric. Figure 7 shows the forward and reverse gate currents for the MIS-HEMT and the HEMT, separately. The curves clearly reveal that the MIS-HEMT reverse gate leakage current is almost three orders of magnitude smaller than that for the conventional HEMT. This value is also comparable to those of other MISHEMTs with using other dielectric materials such as Al 2 O 3 , [13] the forward gate leakage is similar to that of the HEMT, this phenomenon can be explained by F-N Tunneling. [14] For high-power microwave applications, the gate-drain diodes often operate in the condition of reverse-bias, therefore, the better reverse gate leakage can increase the breakdown voltage and improve reliability obviously 
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Conclusions
ALD NbAlO is proved to be an excellent gate dielectric for AlGaN/GaN MIS-HEMT, the 0.5 µm gate length MIS-HEMT with an Al 2 O 3 /NbAlO oxide thickness of 12.2 nm is fabricated, which exhibits a maximum transconductance of 140 mS/mm and an enhanced maximum drain current of 960 mA/mm, in addition, the reverse gate leakage current was at least 3 orders of magnitude lower than that of reference HEMT with the same structure of substrate, all of these advantages show that the NbAlO is a viable alternative to regular HMET for high-power, highfrequency, high-temperature applications.
